The bridged next-generation aminoglycoside (neoglycoside),
Introduction
In 1944, Selman Waksman isolated the first aminoglycoside drug, streptomycin, from bacteria (Jones et al., 1944) . Since its discovery, this class of natural products has been used extensively as antibiotics. Unfortunately, mistreatment has resulted in the emergence of resistant strains. This is largely due to the actions of aminoglycoside-modifying enzymes (AMEs) (Armstrong & Miller, 2010) . One way to combat resistance is through the use of neoglycosides (Griffith et al., 2007) . It is well known that the conjugation of carbohydrates to xenobiotics can significantly impact the pharmacokinetic and pharmacodynamic properties (Ahmed et al., 2006 ) of a molecule. Neoglycosylation has been successfully employed for the activation of prodrugs (Thorson et al., 2001; Weymouth-Wilson, 1997) to modulate the specificity, toxicity and potency of parent molecules (Goff & Thorson, 2010) .
Indeed, the title [3.3.0]-bicyclic neoglycoside, 1-deoxy-1-[(methoxy)methylamino)]-2,5-di-O-triethylsilyl--d-glucofuranurono--lactone, (I), reported herein is very similar in structure to isoavenaciolide and other naturally occurring fused lactones (Aldridge & Turner, 1971) . The densely functionalized bis-lactone framework has served as the central building block for a number of synthetic endeavors designed to enhance antimicrobial and antifungal activities (Burke et al., 1992) . As such, (I) may serve as a scaffold for further derivatization of these chiral biologically relevant and naturally occurring lactones. Furthermore, the X-ray crystal structure reported here may shed light on the structure and activity relationship between the antimicrobial and antifungal activity of this class of reagents and the ability of its members to inhibit certain phosphatases (Ueda et al., 2002) . While investigating conditions for rapid access to biologically relevant glycosides, (I) was obtained in a one-pot manner from -dglucuronic acid (see Scheme below). The synthesis provides a straightforward route to a single [3.3.0]-bicyclic lactone containing five points of chirality. Herein we describe the synthesis, characterization and crystal structure of this bridged neoglycoside.
Experimental

Synthesis and characterization
The reaction was carried out on commercially available d-glucuronic acid (Sigma-Aldrich), which exists as a mixture of and anomers (see Scheme). For a full list of the general materials and equipment used for this project, see the Supplementary materials.
The synthesis of (I) was initiated by suspending glucuronic acid (1.0 g, 5.15 mmol, 1 equivalent) and 4-(dimethylamino)pyridine (DMAP; 10 mol%) in N,N-dimethylformamide (DMF, 10 ml) under an argon atmosphere. N,N-Diisopropylethylamine (DIPEA; 3.59 ml, 20.6 mmol, 4 equivalents) was added to the reaction mixture, which became transparent and homogenous within 10 min of addition. N-Methylhydroxymethylamine (1 g, 10.3 mmol, 2 equivalents) and 3-[3-(dimethylamino)propyl]-1ethylcarbodiimide (EDCI; 1.97 g, 10.3 mmol, 2 equivalents) were added and the solution was stirred at room temperature under an argon atmosphere. While the exact mechanism for this transformation is not known, we postulate that once the activated EDC ester is formed, lactonization should be a facile process. Subsequent imine formation and intramolecular ring closure affords fused neoglycoside (I) after protection of the two remaining cis-hydroxy groups. As such, once thin-layer chromatography (TLC) revealed complete consumption of the starting materials (48 h), the mixture was cooled to 273 K. Next, a second portion of DIPEA (3.59 ml, 20.6 mmol, 4 equivalents) was added, followed by the addition of chlorotriethylsilane (3.46 ml, 20.6, 4 equivalents) . The reaction mixture was stirred and gradually returned to room temperature. After 36 h, the reaction was quenched by the addition of ice water. The solution was next extracted into hexanes (5 Â 50 ml). The combined organics were washed with deionized water (25 ml) and then brine (25 ml). The collected organic phase was dried over Na 2 SO 4 , filtered and the solvent removed in vacuo to afford a brown oil. The crude oil was purified using flash column chromatography with a gradient mobile phase consisting of 1-20% EtOAc in hexanes. The structure of (I) was unambiguously assigned using one-and two-dimensional NMR techniques, IR, MS, melting point and optical rotation. In agreement with the literature, the reaction proceeds with complete -stereoselectivity (Goff & Thorson, 2009 1, 84.3, 78.4, 77.4, 70.3, 59.6, 40.3, 6.77, 6.75, 4.76, 4.67 1331.29 (w) . In addition, X-ray crystallography allowed for the assignment of the absolute and relative configuration about all five stereogenic centers.
Crystal structure determination, refinement and computing details
Crystals of fused neoglycoside (I) were difficult to grow, presumably due to the lipophilic nature conferred by the two triethylsilyl (TES) protecting groups. Initially only very thin needle-like crystals were obtained and they did not provide an adequate diffraction pattern. After several recrystallization attempts, slow evaporation from n-hexanes and ethyl acetate (1:8 v/v) provided large rectangular colorless crystals that all appeared to be twinned under the microscope. One such crystal was then cut to suitable dimensions for data collection. The structure was determined by direct methods, with the successful location of four molecules of identical composition. The central cores of all four molecules are essentially identical, while the terminal TES groups have minor rotational deviations at each end of each molecule. For one of the molecules, one of these TES groups was disordered and was optimized with the final occupancies of the two components determined to be 0.69 and 0.31. Due to the twinning, the twin matrix 100 010 001 was required and the two components were refined and found to be 0.53:0.47. H atoms were idealized throughout the final refinement process. The final difference-Fourier map was featureless; the largest peak was 1.03 e Å À3 , within 0.80 Å of atom Si1, indicating that the structure is both correct and complete. An empirical correction for extinction was also attempted but was found to be negative and therefore not applied. The absolute structure parameter, Flack x (Flack, 1983) , was refined and found to be 0.004 (16), indicating that the absolute configuration has been reliably determined. Selected crystallographic experimental parameters and details are shown in Table 1 .
Results and discussion
The dihedral angle [118.7 (5) ] between the two fused ring systems of (I) is similar to that of other known -d-glucofuransidurono-6,3-lactone crystal structures. The bond angles about the Csp 3 atoms of the lactone ring (C1A, C2A, C3 and C4) range from 102.9 (3) to 107.4 (3) , while that of sp 2hybridized carbonyl atom C3 is slightly larger [108.9 (3) ]. Similar results are observed for the furanose ring C atoms. The bond angles about the Csp 3 atoms of the furanose ring (C1, C2, C1A and C2A) range from 102.5 (3) to 106.3 (3) and are within standard values observed for these systems (Table 2) . Neoglycoside (I) has a similar C-O bond length to the bridging C atoms (C1A and C2A) reported for other fused lactone systems (Ružić-Toroš et al., 1986) . The C-C bond lengths of the core bicyclic system vary from 1.526 (5) to 1.550 (5) Å and are not significantly different from the mean value of 1.532 (12) Å for all C-C bonds. Bridghead atoms C1A and C2A were found to have the longest C-C bond length [1.550 (5) Å ]; however, the difference beteween this and the other C-C bonds is not significant. The three C-O bonds of the furanose ring, viz. C1A-O1, C1-O1 and C2A-O2 (Table 2) , average 1.422 (10) Å . The C2-C4 (C-OSi) and C4-O6 (C-OSi) bond lengths are in agreement with typical values. Both the O4-Si1 and O6-Si2 bond lengths are in agreement with related silyl ethers (Chiaroni et al., 1995) . The C3 O5 double bond is within the expected range for a carbonyl group. The two C-O bonds of the -lactone ring, viz. C3-O2 and C2A-O2, differ by 0.10 (5) Å ( Table 2) .
Differences of approximately 0.1 Å have been observed for similar systems containing a planar lactone group . Interestingly, the C1A-O1 and C1-O1 bond lengths are not equivalent and average 1.422 (10) Å between them. The difference is a result of the anomeric effect ( Fig. 3) , which is known to cause a slight contraction of the C1-O4 bond in nucleosides (Kirby, 1983) . This phenomenon is also responsible for the elongated C1-N1 bond, which is much longer than most C-N bonds [1.475 (5) Å ] and is unique to this structure and presumably to N-linked glycosides. The C5-N1 bond length is very close to the value expected for a C-N bond of methylamine [1.463 (5) Å ].
The stabilizing influence of the anomeric effect in furanosides can be attributed to dipole-dipole interactions, stabi- 
Figure 1
The molecular structure of one of the four symmetry-independent molecules of compound (I), showing the atom-labeling scheme. The atom numbers of the other molecules are derived from the numbering here by adding 20, 40 and 60. Displacement ellipsoids are drawn at the 30% probability level.
Figure 2
The asymmetric unit of (I) has four different molecules which differ in the conformations of the TES protecting groups, with one terminal methyl group in one molecule also being disordered. All four molecules are shown overlaid upon one another highlighting the differences in the terminal ethyl groups. Displacement ellipsoids are drawn at the 30% probability level.
lizing hyperconjugative effects of molecular orbital delocalization or electrostatic repulsion. Worthy of note is that the amine is on the top (endo) face of the ring system. The 1,2-trans configuration is favored for furanosides owing to the conformational flexibility of the fivemembered ring system and the anomeric effect (Satoh & Manabe, 2013) . Indeed, a similar trend is observed for nucleosides. Dipole-dipole interactions, stabilizing hyperconjugative effects and electrostatic repulsion also favor the formation of 1,2-transglycofuranosides, as observed for (I) albeit to a lesser degree than is observed for pyranosides (Demchenko, 2008; Thibaudeau et al., 1996) (Fig. 3) . The pseudo-axial (endo) orientation of the anomeric N-methoxymethylamino group contains an O1-C1-N1 angle of 108.9 (3) , which is similar to those observed for the O-C-N angles of nucleosides (Koole et al., 1988) .
The electronic delocalization about the anomeric C atom can also be observed via nuclear magnetic resonance (NMR) as the anomeric proton is considerably shielded. Hyperconjugation between the O1 lone-pair electrons and the C1-N1 * orbital is similar to that shown in Fig. 3 and is partially responsible for this shift. This interaction is compounded by the electron-rich methoxymethylamine N1 atom and is manifested as a significant upfield shift for H1 to 4.30 p.p.m. in the 1 H NMR specrum.
The uniqueness of the neoglycoside species disclosed here becomes apparent when comparing the observed 1 H NMR values for (I) with those of other N-linked glycosides, as well as other neoglycosides. For example, the chemical shift for the anomeric H atom of nucleosides is typically in the range 5.72-6.28 p.p.m. (Wijmenga & van Buuren, 1998) and the anomeric H atom of similar bicyclic neoglycosides is found at approximately 4.41-4.88 p.p.m. (Goff & Thorson, 2009 . Significant NMR shift differences were also observed in the 13 C NMR spectrum. The 13 C chemical shift of 104.1 p.p.m. for atom C1 is further downfield than would be typically observed for the anomeric C atom of nucleosides (Ebrahimi et al., 2001; Nair & Young, 1987) . To the best of our knowledge, there are no 13 C values reported for a similar neoglycoside in the literature.
Figure 4
The molecular packing of (I), viewed (a) along the crystallographic c axis and (b) down the crystallographic b axis. Displacement ellipsoids are drawn at the 30% probability level.
Figure 3
The anomeric effect in furanosides. Furanurono-6,3-lactones are not as flexible as free furanosides due to their rigid bicyclic structures. Since the two fivemembered rings are fused at C1A and C2A, the atom with the largest conformational freedom is the anomeric atom C1. While -lactone systems are typically close to planarity, the lactone ring of (I) prefers the E 4 conformation. In agreement with the literature for other -d-furanurono-6,3-lactones and their derivatives, the furanose ring was found to occupy a 1 T 2 conformation. The puckering of each ring occurs at positions containing bulky TES ethers. Thus, it can be inferred that the preferred conformation of each ring system is greatly influenced by the steric nature and position of its substituents. Indeed, -d-mannofuranurono-6,3-lactone (Shalaby et al., 1994) , -d-glucofuranurono-6,3-lactone (Kim et al., 1967) and 5-O-pivaloyl--d-glucofuranurono-6,3-lactone (Ružić-Toroš et al., 1986) all adopt similar 1 T 2 conformations in the crystalline form (Liberek et al., 2006) . While the 1 T 2 conformation observed for (I) is slightly twisted about the C1-C2 bond, it still allows the anomeric N-methoxymethylamino group to assume a pseudo-axial orientation. This pseudo-axial preference is believed to arise from the endo-anomeric effect (Liberek et al., 2006) . The results reported herein are in agreement with the literature, as well as with theory, and provide further evidence that the anomeric effect is a main factor in determining the furanoid conformation.
The molecules appear to be held in the crystal by van der Waals forces alone, as there are no hydrogen-bond donors present in the molecule (Fig. 4 ). In addition, the packing ratio is 21.3 Å 3 . While this value is slightly higher than typically observed for the packing of sugars without hydrogen bonds (17.5-19.2 Å 3 ), it is likely due to the fact that nearly 60% of the atoms in (I) are H atoms (Foces-Foces et al., 1980; Lamba et al., 1986 ).
Conclusions
The one-pot synthesis of a novel next-generation aminoglycoside (neoglycoside) is described. The title compound, (I), was characterized using a variety of techniques, including NMR, IR and single-crystal X-ray analysis. To the best of our knowledge, this is the first published crystal structure of a bicyclic neoglycoside and is the first neoglycoside to be completely and unambiguously characterized. We have demonstrated that a 1 T 2 -like conformation is preferred for the furanoid ring, while the -lactone system of (I) adopts an E 4 conformation both in the crystal and in solution. This preference is most likely due to restrictions imposed by the rigid bicyclic framework, the bulky TES ether substituents and the anomeric effect. As such, the structure described here provides further evidence as to the influence of the anomeric effect in furanosides. Finally, the results of this study can be employed to gain insight into the mechanisms by which alkoxyamine-appended natural products are derivatized to enhance biological activity.
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SHELXTL (Sheldrick, 2008) . Special details Experimental. A colorless plate with approximate orthogonal dimensions 0.60 x 0.28 x 0.10 mm3 was placed and optically centered on the Bruker Duo APEXII(1) CCD diffractometer at −183 C. The initial unit cell was indexed using a least-squares analysis of a random set of reflections collected from three series of 0.5deg wide omega-scans, 5 s per frame, and 30 frames per series that were well distributed in reciprocal space. Twenty-one omega and phi-scan data frame series were collected [CuKa] with 0.5deg wide scans and variable frame times based upon diffraction angle. The crystal to detector distance was 4.96 cm, thus providing a nearly complete sphere of data with processing to 2thetamax=136.52deg. Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes. Refinement. The following two alerts, #112, indicate possible pseudo symmetry but this is not the case when one overlays the various 4 molecules. 112_ALERT_2_B ADDSYM Detects Additional (Pseudo) Symm. Elem··· 2 112_ALERT_2_B ADDSYM Detects Additional (Pseudo) Symm. Elem··· 2 230_ALERT_2_B Hirshfeld Test Diff for C11 -C12.. 7.7 su Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > σ(F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. One such crystal was then cut to the dimensions 0.60 × 0.28 × 0.10 mm 3 and placed on a Bruker DUO APEXII CCD diffractometer at 90 K (Bruker, 2002) . The initial unit cell was indexed using a least-squares analysis of a random set of reflections collected from three series of 0.5° wide ω scans (5 s per frame and 30 frames per series) that were well distributed in reciprocal space. 21 ω and φ-scan data-frame series were collected (Cu <it>K</it>α) with 0.5° wide scans and variable frame times based upon diffraction angle. The crystal-to-detector distance was 4.96 cm, thus providing a nearly complete sphere of data with processing to 2θ max = 136.52°. A total of 53215 reflections were collected and corrected for Lorentz and polarization effects in SAINT (Bruker, 2009 ) and absorption using the method of Blessing (1995), as incorporated in SADABS (Sheldrick, 2008b) , with 16851 unique reflections for point group 2 since the molecules were believed to be chiral. The SHELXTL program package (Sheldrick, 2002) was used to determine the probable space group and set up the initial files. System symmetry, systematic absences and intensity statistics indicated the noncentrosymmetric monoclinic space group P2 1 (No. 4) . The structure was determined by direct methods with the successful location of a majority of the non-H atoms comprising the four unique molecules using the program SHELXS97 (Sheldrick, 2008a) . The structure was refined with SHELXL97 (Fig. 1) . The 53215 data collected were merged, based upon identical indices, to 27457 data (R int = 0.0579) and during leastsquares refinement to 16785 unique data (R int = 0.0369). A series of least-squares difference-Fourier cycles were required to locate the remaining non-H atoms comprising the molecules and optimize the disordered ethyl group C atom C32/C32B. The central cores of all four molecules are essentially identical, while the terminal ethyl groups have varied positions (Fig. 2) . All non-H atoms were refined anisotropically. H atoms were idealized throughout the final convergence stages. The final structure was refined to convergence with R(F) = 4.70%, wR(F 2 ) = 11.64%, GOF = 1.043 for all 16785 unique reflections [R(F) = 4.65%, wR(F 2 ) = 11.58% for those 16549 data with F o > 4σ(F o )]. An empirical correction for extinction was also attempted, but it was ultimately found to be negative and therefore not applied.
(3S,3aS,5R,6R,6aS)-5-[methoxy(methyl)amino]-3,6-bis[(triethylsilyl)oxy]-hexahydrofuro[3,2-b]furan-2-one
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) C21-C22 1.519 (5) C61-H61 1.0000 C21-H21 1.0000 C61A-O61 1.424 (5) C21A-O21 1.420 (4) C61A-C62A 1.537 (6) C21A-C22A 1.533 (6) C61A-C64 1.551 (5) C21A-C24 1.560 (5) C61A-H61A 1.0000 C21A-H21A 1.0000 N61-O63 1.452 (5) N21-O23 1.451 (5) N61-C65 1.470 (5) N21-C25 1.472 (5) C62-O64 1.419 (4) C22-O24 1.427 (4) C62-C62A 1.538 (5) C22-C22A 1.526 (5) C62-H62 1.0000 C22-H22 1.0000 C62A-O62 1.463 (5) C22A-O22 1.465 (5) C62A-H62A 1.0000 C22A-H22A 1.0000 O62-C63 1.360 (5) 
